Axonal damage and loss of neurons correlate with permanent vision loss and neurologic disability in patients with optic neuritis and multiple sclerosis (MS). Current therapies involve immunomodulation, with limited effects on neuronal damage. The authors examined potential neuroprotective effects in optic neuritis by SRT647 and SRT501, two structurally and mechanistically distinct activators of SIRT1, an enzyme involved in cellular stress resistance and survival. METHODS. Experimental autoimmune encephalomyelitis (EAE), an animal model of MS, was induced by immunization with proteolipid protein peptide in SJL/J mice. Optic neuritis developed in two thirds of eyes with significant retinal ganglion cell (RGC) loss detected 14 days after immunization. RGCs were labeled in a retrograde fashion with fluorogold by injection into superior colliculi. Optic neuritis was detected by inflammatory cell infiltration of the optic nerve. RESULTS. Intravitreal injection of SIRT1 activators 0, 3, 7, and 11 days after immunization significantly attenuated RGC loss in a dose-dependent manner. This neuroprotective effect was blocked by sirtinol, a SIRT1 inhibitor. Treatment with either SIRT1 activator did not prevent EAE or optic nerve inflammation. A single dose of SRT501 on day 11 was sufficient to limit RGC loss and to preserve axon function. CONCLUSIONS. SIRT1 activators provide an important potential therapy to prevent the neuronal damage that leads to permanent neurologic disability in optic neuritis and MS patients. Intravitreal administration of SIRT1 activators does not suppress inflammation in this model, suggesting that their neuroprotective effects will be additive or synergistic with current immunomodulatory therapies. (Invest Ophthalmol Vis Sci.
M ultiple sclerosis (MS) is an autoimmune-mediated neurodegenerative disease with characteristic foci of inflammatory demyelination in the brain, spinal cord, and optic nerves. 1 Recent studies have demonstrated not only that axonal damage and neuronal loss are significant pathologic components of MS and experimental autoimmune encephalomyelitis (EAE) [2] [3] [4] but that this neuronal damage is thought to cause the permanent neurologic disability often seen in MS patients. 4 -9 Current treatments for MS involve immunomodulation, which can reduce the incidence of inflammatory relapses. 1 However, existing therapies are often not fully effective, and limited evidence suggests that these therapies prevent the long-term neuronal damage and physical disability of MS patients. 10, 11 New therapies that prevent neurodegeneration through nonimmunomodulatory mechanisms have a tremendous potential to work synergistically with current MS therapies.
Optic neuritis is an inflammatory demyelinating condition of the optic nerve that often occurs in MS patients. 1 Axonal loss develops in patients with optic neuritis and correlates with decreased visual function. 12, 13 In an observational prospective study, 27 of 38 patients with optic neuritis had significant retinal nerve fiber layer thinning, but this was not detected until 3 to 6 months after most (85%) patients initially sought care.
14 Neuroprotective therapies initiated during the acute inflammatory phase, therefore, have tremendous potential to prevent significant subsequent neuronal loss in patients with optic neuritis and MS.
Significant retinal ganglion cell (RGC) loss has been demonstrated in several experimental models of optic neuritis, including relapsing/remitting EAE, 15 chronic EAE, 16 and a model of spontaneous isolated optic neuritis. 17 In the relapsing/remitting model-the most common disease course of MS and optic neuritis in human patients-SJL/J mice develop a high incidence (greater than 60%) of optic neuritis beginning 9 to 11 days after immunization with proteolipid protein peptide (PLP). RGC loss occurs over the next several days with significant RGC loss detected by day 14, suggesting that neuronal loss occurs secondarily to inflammation-induced damage. 15 SIRT1 is a member of a highly conserved gene family (sirtuins) encoding NAD ϩ -dependent deacetylases, 18 -20 originally found to deacetylate histones leading to increased DNA stability and prolonged survival in yeast and higher organisms, [21] [22] [23] including mammals. 24 Members of the sirtuin family have since been found to function as deacetylases for numerous protein targets involved in many cellular pathways, including cellular stress responses, apoptosis, and axonal degeneration. [25] [26] [27] The activity of sirtuins can be regulated by other compounds that can serve as activators (e.g., plant polyphenols) that increase SIRT1 activity by lowering the K m of its substrates or that can serve as inhibitors (e.g., sirtinol). 25, [27] [28] [29] [30] Neuroprotection mediated by SIRT1 activation has been demonstrated in axotomized dorsal root ganglion neurons 31 and in neurons containing the Huntingtin gene mutation responsible for neurodegeneration in Huntington disease. 32 We hypothesized that SIRT1 activation is neuroprotective for RGCs during optic neuritis. To test this hypothesis, two distinct SIRT1 activators, SRT647 (nicotinamide riboside) 33 and SRT501 (a proprietary formulation of resveratrol) 34 were examined for their neuroprotective effects in EAE mice, and the effects on RGC survival were quantified.
Briefly, mice were anesthetized by intraperitoneal injection of 0.2 mL solution containing 10 mg/mL ketamine (Sigma, St. Louis, MO) and 1 mg/mL xylazine (Sigma). Holes were drilled through the skull above each superior colliculus through a midsagittal skin incision. Unless otherwise noted, 2.5 L of 1.25% hydroxystilbamidine (Fluorogold; Molecular Probes, Eugene, OR) in PBS was injected stereotactically into each superior colliculus 1 week before EAE immunization (for axonal transport function studies, fluorogold injections were made 2 days before mice were killed).
Induction and Evaluation of EAE
EAE was induced as previously described. 15 Briefly, mice were anesthetized with ketamine/xylazine and were injected subcutaneously at two sites on the back with 0.1 mL solution containing 0.5 mg/mL proteolipid protein peptide 139 -151 (University of Pennsylvania Protein Chemistry Laboratory, Philadelphia, PA) emulsified in complete Freund adjuvant (CFA; Difco, Detroit, MI) containing 2.5 mg/mL Mycobacterium tuberculosis (Difco). Control mice were injected with equal volumes of PBS and CFA. All mice were injected with 200 ng pertussis toxin (List Biological, Campbell, CA) in 0.1 mL PBS intraperitoneally on day 0 (day of immunization) and again on day 2. Mice were scored daily for clinical signs of EAE using a 5-point scale, as described previously 15, 35 : no disease ϭ 0; partial tail paralysis ϭ 0.5; tail paralysis or waddling gait ϭ 1.0; partial tail paralysis and waddling gait ϭ 1.5; tail paralysis and waddling gait ϭ 2.0; partial limb paralysis ϭ 2.5; paralysis of one limb ϭ 3.0; paralysis of one limb and partial paralysis of another ϭ 3.5; paralysis of two limbs ϭ 4.0; moribund state ϭ 4.5; death ϭ 5.0.
Intravitreal Injections
SRT647 (Sirtris Pharmaceuticals, Cambridge, MA) and sirtinol (Sigma) were diluted in PBS, and SRT501 (Sirtris) was diluted in 2% hydroxypropyl methylcellulose (HPMC) and 0.2% dioctyl sodium sulfosuccinate (DOSS; Wilson Laboratories, Mumbai, India). Intravitreal injections were given by methods described previously, 36 with minor modifications. Mice were anesthetized with ketamine/xylazine, and eyes were visualized under a dissecting microscope. The conjunctiva was lifted with jeweler's forceps and cut down to the sclera with Vannas scissors, and the incision was extended circumferentially around the corneal limbus. The sclera was then penetrated with a 30-gauge needle that passed into the vitreous just posterior to the lens. The tip of a 32-or 33-gauge blunt needle on a 10-L Hamilton syringe (Hamilton, Reno, NV) containing 0.8 L solution (vehicle or drug) was then introduced into the vitreous and slowly injected by an assistant while the syringe and needle were held in place under the microscope. Identical treatment was repeated in the contralateral eye of each mouse. After injection, ointment (Polysporin; Pfizer, New York, NY) was applied to each eye. The final drug concentration in the eye is estimated to be one sixth the concentration of the solution injected based on the volume injected and the average size of the vitreal space measured in the SJL/J mouse eyes. Concentrations given in the text and figures represent this estimated final dilution. Mice were randomly selected for each drug or placebo (vehicle) treatment group.
Quantification of RGC Numbers
RGC numbers were counted as described previously. 15 Briefly, mice were killed, and each eye was removed and fixed in 4% paraformaldehyde in PBS. Dissected retinas were flat mounted on glass slides, viewed by fluorescence microscopy (Eclipse E600; Nikon, Tokyo, Japan), and photographed at 20ϫ magnification in 12 standard fields: 1/6, 3/6, and 5/6 of the retinal radius from the center of the retina in each quadrant. Each photographed field measured 0.22 ϫ 0.28 mm (0.062 mm 2 ); thus, the total area counted per eye was 0.74 mm 2 . RGC numbers shown in each experiment represented the total number of RGCs counted per eye (RGCs/0.74 mm 2 ). RGCs were counted by a masked investigator using image analysis software (Image-Pro Plus 5.0; Media Cybernetics, Silver Spring, MD).
Histopathologic Evaluation of Optic Nerves
After the mice were humanely killed, each optic nerve was removed, fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-m longitudinal sections. Nerves were stained with hematoxylin and eosin, and the presence of inflammatory cell infiltration was assessed by a masked investigator using a 4-point scale as in previous studies 15, 37 : no infiltration ϭ 0; mild cellular infiltration of the optic nerve or optic nerve sheath ϭ 1; moderate infiltration ϭ 2; severe infiltration ϭ 3; massive infiltration ϭ 4. Eyes with any level of optic nerve inflammation (score 1-4) were considered to have optic neuritis, whereas eyes with no detectable optic neuritis were considered not to have optic neuritis.
Electroretinographic Measurements
Whole eye electroretinographic (ERG) measurements were performed on 6-week-old C57BL/6 mice using previously described methods. 38 -40 In brief, mice were anesthetized with ketamine/xylazine after 12-hour dark adaptation, and eyes were dilated with one drop of 1% tropicamide (Alcon, Fort Worth, TX). Mice were placed on a 37°C platform with a reference electrode placed in the mouth. Contact lenses containing embedded platinum wires were placed on each eye as corneal electrodes. Differential amplifiers with bandwidths of 0.1 Hz to 1.0 kHz were used to record full-field ERGs. Mice were placed in a recording chamber, and ERGs were evoked with 10-ms flashes of 20 cd ⅐ s/m 2 light generated through a Ganzfeld stimulator (Lace, Pisa, Italy). ERG measurements were performed on each eye before treatment and were repeated 2 weeks after intravitreal injection of vehicle, SRT647, SRT501, or sirtinol. Mean scotopic b-wave and total a-wave responses were compared among groups.
Statistical Analysis
RGC numbers, or optic nerve inflammation scores, were analyzed by one-way ANOVA followed by Bonferroni multiple comparison test using biostatistics software (GraphPad Prism 3.02; GraphPad Software, San Diego, CA). Data shown represent the mean Ϯ SEM number of RGCs, as has been reported in previous studies quantifying RGC numbers. [15] [16] [17] Clinical EAE scores were compared between treatment groups by ANOVA for repeated measures at each day after immunization with the biostatistics software (GraphPad Prism).
RESULTS

Prevention of Acute RGC Loss, but Not Inflammation by SRT647 Treatment from Time of EAE Induction
The ability of SRT647, an indirect activator of SIRT1, to attenuate RGC loss was examined. RGCs of SJL/J mice were labeled in a retrograde fashion with fluorogold. EAE was induced 1 week later by immunization with PLP (day 0), and mice were killed on day 14. As in previous studies, 15 EAE eyes with optic neuritis had significantly fewer surviving RGCs at day 14 than eyes of control mice (Figs. 1A, 1B, 2A). Significant differences were found in total RGC numbers added across 12 standardized retinal fields, but not within any one region of the retina for all experiments. Eyes of EAE mice with optic neuritis treated with repeated intravitreal injections of 16.67 mM SRT647 on days 0, 3, 7, and 11 after 2. SRT647 attenuated RGC loss in a dose-dependent manner without reducing clinical EAE or inflammatory optic neuritis. (A) Control and EAE mice were treated with placebo or SRT647 on days 0, 3, 7, and 11 after immunization and were killed on day 14. Eyes from control mice treated with 16.67 mM SRT647 had no significant difference in RGC numbers compared with placebotreated control eyes. EAE eyes with optic neuritis (placebo treated) had decreased RGC numbers (*P Ͻ 0.001) compared with controls. Optic neuritis eyes treated with 16.67 mM SRT647 had more RGCs than placebo treated optic neuritis eyes (**P Ͻ 0.01) but fewer RGCs than controls (#P Ͻ 0.05). SRT647 (66.67 mM) further attenuated RGC loss, with RGC numbers increased compared with placebo-treated optic neuritis eyes (***P Ͻ 0.001) and 16.67 mM SRT647-treated eyes (##P Ͻ 0.01) and no difference compared with control eyes. (B) Mice immunized with PLP were evaluated daily for clinical EAE. No significant difference in EAE score was found in EAE mice treated with placebo, 16.67 mM, or 66.67 mM SRT647. (C) Optic neuritis was detected by histologic evaluation of optic nerves on day 14 after immunization. No significant difference in incidence of optic neuritis was detected between EAE mice treated with placebo, 16.67 mM SRT647, or 66.67 mM SRT647. (D) The SIRT1 inhibitor sirtinol blocked the neuroprotective effects of SRT647. EAE optic neuritis eyes (placebo treated) had fewer RGCs than control eyes (*P Ͻ 0.05) and optic neuritis eyes treated with 66.67 mM SRT647 (**P Ͻ 0.05). Optic neuritis eyes treated with 66.67 mM SRT647 and 100 M sirtinol had fewer RGCs than optic neuritis eyes treated with 66.67 mM SRT647 alone (***P Ͻ 0.001), and RGC numbers were not significantly different from those in placebo-treated optic neuritis eyes.
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IOVS, August 2007, Vol. 48, No. 8 Intravitreal injection of SRT647 did not attenuate clinical EAE. EAE mice treated with placebo (n ϭ 8) or either dose of SRT647 (n ϭ 8 mice/dose) developed a similar time course of clinical EAE, beginning 9 days after immunization and progressing through day 14, when mice were killed (Fig. 2B) . SRT647 also did not attenuate inflammatory infiltration of the optic nerve, as demonstrated by inflammatory cell infiltration of the optic nerve sheath and the parenchyma present in placebotreated and SRT647-treated optic nerves (Figs. 1F, 1G) . The incidence of optic neuritis was not significantly different between placebo (8 of 12 eyes examined), 16 .67 mM SRT647-treated (12 of 15 eyes), or 66.67 mM SRT647-treated (8 of 12 eyes) eyes (Fig.  2C) , and the degree of inflammation did not differ between placebo (1.13 Ϯ 0.35 average inflammation score; n ϭ 8 eyes), 16 .67 mM SRT647-treated (1.
SRT647 Neuroprotection Blocked by SIRT1 Inhibition
To confirm that SIRT1 activity mediated the observed neuroprotective effects of SRT647, SIRT1 activity was blocked with a known inhibitor, sirtinol, at a concentration previously shown to be effective. 30, 32 RGCs of SJL/J mice were labeled in a retrograde fashion with fluorogold. EAE was induced 1 week later by immunization with PLP (day 0), and mice were killed on day 14. In EAE eyes with optic neuritis, treatment with 66.67 mM SRT647 on days 0, 3, 7, and 11 (n ϭ 5) attenuated the RGC loss observed in placebo-treated (n ϭ 5) eyes (773.4 Ϯ 41.6 vs. 420.2 Ϯ 109.3 RGCs/eye), but RGC survival in eyes treated with both 66.67 mM SRT647 and 100 M sirtinol was significantly lower (492.6 Ϯ 28.1; n ϭ 5) than in control eyes (815.6 Ϯ 108.6, n ϭ 12) or optic neuritis eyes treated with SRT647 alone (773.4 Ϯ 41.6; Fig. 2D) , suggesting a role of SIRT1 in the effect of SRT647.
Prevention of Acute RGC Loss, but Not Inflammation, by SRT501 Treatment from Time of EAE Induction
Neuroprotective effects of SRT501, a direct SIRT1 activator with an EC 50 value of approximately 50 M (Milne J, et al., manuscript submitted), were examined during optic neuritis. RGCs of SJL/J mice were labeled in a retrograde fashion with fluorogold. EAE was induced 1 week later by immunization with PLP (day 0), and mice were killed on day 14. Intravitreal injection of 6 M SRT501 on days 0, 3, 7, and 11 after immunization (n ϭ 10 eyes) led to a trend of increased RGC survival (451.8 Ϯ 43.0 RGCs vs. 384.9 Ϯ 31.2 RGCs in placebo-treated optic neuritis eyes; n ϭ 14) that was not statistically significant (Fig. 3A) . Injection of 13 M SRT501 (n ϭ 15) resulted in a significant increase in RGC numbers (585.5 Ϯ 51.0) that was not statistically different from numbers in controls (685.6 Ϯ 35.8; n ϭ 10), despite the trend toward fewer RGC numbers. Optic neuritis eyes treated with 100 M SRT501 (n ϭ 9) had even greater RGC survival (644.0 Ϯ 49.2), with RGC numbers equivalent to control eyes (Figs. 1D, 3A) . Intravitreal injection of the highest dose of SRT501 into control eyes (n ϭ 6) did not reduce RGC survival (675.3 Ϯ 55.8; Fig. 3A) .
As with SRT647, repeated intravitreal injections of SRT501 did not attenuate the development of clinical EAE. Mice treated with placebo (n ϭ 11), 6 M (n ϭ 8), 13 M (n ϭ 11), or 100 M (n ϭ 8) SRT501 all developed similar clinical disease scores beginning at day 9 and progressing through day 14 after immunization (Fig. 3B) . SRT501-treated eyes developed typical FIGURE 3. SRT501 attenuated RGC loss in a dose-dependent manner without reducing clinical EAE or inflammatory optic neuritis. (A) Control and EAE mice were treated with placebo or SRT501 on days 0, 3, 7, and 11 and were killed on day 14. Eyes from control mice treated with 100 M SRT501 had no significant difference in RGC number from placebo-treated control eyes. EAE optic neuritis eyes had decreased RGC numbers (*P Ͻ 0.001) compared with controls. A small increase in RGC numbers in optic neuritis eyes treated with 6 M SRT501 versus placebo was not significant. EAE optic neuritis eyes treated with 13 M SRT501 had more RGCs than placebo (**P Ͻ 0.01). SRT501 (100 M) further attenuated RGC loss, with RGC numbers increased compared with placebo (***P Ͻ 0.001) and with 6 M SRT501-treated eyes (#P Ͻ 0.01) but no difference compared with control eyes. A trend toward increased RGC numbers in 100 M SRT501 compared with 13 M SRT501-treated eyes was not significant. (B) Mice immunized with PLP were evaluated daily for clinical EAE. No significant difference in EAE score was found between EAE mice treated with placebo or those treated with SRT501. (C) No significant difference in incidence of histologic optic neuritis was detected between EAE mice treated with placebo or SRT501. (D) The SIRT1 inhibitor sirtinol blocked the neuroprotective effects of SRT501. Sirtinol (100 M) in control eyes did not significantly change RGC numbers compared with placebo-treated control eyes. EAE optic neuritis eyes had fewer RGCs than control eyes (*P Ͻ 0.001) and optic neuritis eyes treated with 100 M SRT501 (**P Ͻ 0.001). Optic neuritis eyes treated with both 100 M SRT501 and 100 M sirtinol had fewer RGCs than optic neuritis eyes treated with 100 M SRT501 alone (***P Ͻ 0.05), and RGC numbers were not significantly different from those of placebo-treated optic neuritis eyes. inflammatory infiltration of the optic nerve (Fig. 1H) . No significant difference in the percentage of eyes developing optic neuritis was detected between EAE mice treated by intravitreal injection with placebo (14 of 22 eyes examined), 6 M (10 of 14 eyes), 13 M (17 of 22 eyes), or 100 M SRT501 (9 of 12 eyes; Fig. 3C ). The degree of optic nerve inflammation also did not vary significantly in eyes treated with placebo (1.14 Ϯ 0.36 average inflammation score; n ϭ 14 eyes), 6 M SRT501 (1.40 Ϯ 0.70; n ϭ 10), 13 M SRT501 (1.53 Ϯ 0.64; n ϭ 15), or 100 M SRT501 (1.55 Ϯ 0.73; n ϭ 8).
SRT501 Neuroprotection Blocked by SIRT1 Inhibition
To confirm that SIRT1 activity mediated the observed neuroprotective effects of SRT501, SIRT1 activity was blocked with sirtinol. RGCs of SJL/J mice were labeled in a retrograde fashion with fluorogold. EAE was induced 1 week later by immunization with PLP (day 0), and mice were killed on day 14. Intravitreal injection of 100 M sirtinol into control eyes on days 0, 3, 7, and 11 (n ϭ 4) did not alter RGC survival (679.5 Ϯ 55.0 RGCs vs. 685.6 Ϯ 35.8 RGCs in placebo controls; n ϭ 10; Fig. 3D ). In EAE eyes with optic neuritis, 100 M SRT501 (n ϭ 9) attenuated the RGC loss (644.0 Ϯ 49.2) observed in placebotreated eyes (384.9 Ϯ 31.2, n ϭ 14), but eyes treated with 100 M SRT501 and 100 M sirtinol (n ϭ 5) had significantly lower RGC survival (438.4 Ϯ 38.9) than control eyes or optic neuritis eyes treated with SRT501 alone (Fig. 3D ).
Long-term Reduction of RGC Loss by SRT501 Treatment from Time of EAE Induction
To determine whether SRT501 merely delays the loss of RGCs rather than providing longstanding neuroprotection, effects of SRT501 on RGC survival were examined 2 weeks after remission of EAE and acute optic neuritis. RGCs of SJL/J mice were labeled in a retrograde fashion with fluorogold. EAE was induced 1 week later by immunization with PLP (day 0). Mice were treated with 100 M SRT501 on days 0, 3, 7, and 11 after immunization and were killed on day 30. Eyes from EAE mice treated with SRT501 (n ϭ 16) had significantly more RGCs (563.1 Ϯ 35.9) than eyes from placebo-treated EAE mice (431.2 Ϯ 48.3; n ϭ 12; Fig. 4B ), though RGC numbers were lower than in control eyes (788.3 Ϯ 96.8; n ϭ 10). Clinical EAE was not affected by SRT501 treatment because placebo-treated (n ϭ 6) and SRT501-treated (n ϭ 8) mice developed relapsing EAE, similar to previous reports of relapsing EAE, 15 with the first clinical episode peaking by day 14, remission of clinical symptoms several days later, and the beginning of a second relapse of disease starting at day 30 (Fig. 4C ).
Attenuation of RGC Loss by Single Dose of SRT501 after Onset of Optic Nerve Inflammation
Single-dose administrations of SRT501 (100 M) were evaluated to determine potential therapeutic windows for treating optic neuritis. RGCs of SJL/J mice were labeled in a retrograde fashion with fluorogold. EAE was induced 1 week later by immunization with PLP (day 0), and mice were killed on day 14 or day 30. A single dose of SRT501 given on day 0 (the day of immunization) showed a trend toward increased RGC survival (388.1 Ϯ 64.0 RGCs; n ϭ 10 eyes) compared with placebotreated optic neuritis eyes on day 14 (229.1 Ϯ 49.1; n ϭ 7) that was not significant (Fig. 4A) and that had no effect on RGC survival in EAE eyes at day 30 (Fig. 4B) . SRT501 treatment on day 9 after immunization also resulted in a nonsignificant increase in RGC survival in optic neuritis eyes on day 14 (407.8 Ϯ 46.5; n ϭ 10; Fig. 4A ) and had no effect at day 30 (Fig.  4B) . Treatment with a single dose of SRT501 on day 11 resulted in significant attenuation of RGC loss in optic neuritis eyes on day 14, with RGC survival (620.4 Ϯ 88.8; n ϭ 7) equivalent to given on either day 0 or day 9 after immunization led to a trend of increased RGC numbers compared with placebo treated optic neuritis eyes that was not significant, and eyes still had fewer RGCs than controls (**P Ͻ 0.05). After a single dose of 100 M SRT501 on day 11, or multiple doses at days 0, 3, 7, and 11, RGC numbers were increased compared with placebo treated optic neuritis eyes (***P Ͻ 0.01) and were equivalent to controls. (B) Thirty days after immunization, significant RGC loss is present in eyes from EAE mice treated with placebo compared with controls, and similar RGC loss occurs in eyes from EAE mice treated with 100 M SRT501 on day 0 or day 9 (*P Ͻ 0.05). EAE eyes treated with 100 M SRT501 on day 11 alone, or with multiple treatments on days 0, 3, 7, and 11, had more RGCs than placebo treated eyes (**P Ͻ 0.05), although RGCs were reduced compared with controls (#P Ͻ 0.05). (C) Mice immunized with PLP were evaluated for 30 days for clinical EAE. No significant difference in EAE score was found between EAE mice treated with placebo or 100 M SRT501 on days 0, 3, 7, and 11.
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IOVS, August 2007, Vol. 48, No. 8 that in control eyes (686.9 Ϯ 79.9, n ϭ 10) and optic neuritis eyes treated with repeated SRT501 injections on days 0, 3, 7, and 11 (614.2 Ϯ 60.5; n ϭ 10; Fig. 4A ). Treatment on day 11 also resulted in significant long-term attenuation of RGC loss at day 30 (586.0 Ϯ 52.6; n ϭ 16), with similar efficacy as seen with repeated injections (563.1 Ϯ 35.9; n ϭ 16; Fig. 4B ).
Axon Preservation and Maintained Retrograde Transport Function with SRT501 Neuroprotection
In previous experiments, retrograde labeling of RGCs was performed 1 week before induction of EAE to ensure that labeling was complete well before optic nerve inflammation and axonal damage were induced. To determine whether RGC axons remained intact and maintained functional retrograde transport after SRT501 treatment, nonlabeled mice were immunized on day 0, and fluorogold injections for retrograde labeling were not given until 2 days before mice were killed. On day 11, eyes from control mice were treated with placebo (vehicle) by intravitreal injection, and EAE mouse eyes were treated with placebo or 100 M SRT501. RGC labeling was detectable 2 days after injection of fluorogold, with similar RGC numbers detected in control eyes as in previous experiments ( 
Assessment of Toxicity of SIRT1 Activators to Photoreceptors or Retinal Function
Although SJL/J mice are known to undergo photoreceptor degeneration at an early age, before EAE induction, previous studies have shown this process does not alter quantification of RGCs in control and EAE mice. 15 However, this precludes the use of visual or electrophysiologic functional assessment. Despite this limitation, SRT647, SRT501, or sirtinol treatment did not appear to be toxic to retinal cells because no change in RGC numbers was found in control eyes after treatment (Figs.  2A, 3A, 3D) , and no change in retinal thickness was observed between treated and untreated eyes.
To determine whether treatment is toxic to photoreceptors and electrophysiologic function, full-field flash ERG measurements were performed on untreated, wild-type, 6-week-old C57BL/6 mice. Intravitreal injection of vehicle, 66.67 mM SRT647, 100 M SRT501, or 100 M sirtinol was given in each eye, and ERGs were repeated 2 weeks later. No significant difference in a max responses were found among eyes treated with vehicle (314.8 Ϯ 93.7 V), SRT647 (319.2 Ϯ 88.2 V), SRT501 (328.0 Ϯ 15.0 V), or sirtinol (348.0 Ϯ 60.5 V). Similarly, no significant difference in scotopic b max responses were found among eyes treated with vehicle (169.2 Ϯ 56.6 V), SRT647 (168.0 Ϯ 53.3 V), SRT501 (174.8 Ϯ 9.2 V), or sirtinol (214.4 Ϯ 43.9 V; n ϭ 5 eyes/treatment group). Correspondingly, no difference in retinal thickness was observed among treatment groups by histology (data not shown).
DISCUSSION
SRT647 and SRT501 are neuroprotective for RGCs during acute optic neuritis, as shown by the fact that each SIRT1 activator attenuates RGC loss in a dose-dependent manner. SRT647 and SRT501 are chemically distinct from each other and represent direct and indirect activators of SIRT1. As such, the findings reported with both agents in this animal model help confirm the role of SIRT1 activation as important for neuroprotection in CNS demyelinating disease. SRT501 also provides significantly longer term neuroprotection for RGCs at day 30, suggesting that the increased RGC survival is not merely delayed at day 14 but can have long-lasting neuroprotective effects. This level of neuroprotection was seen with multiple-and single-dose drug administration, demonstrating that treatment at day 11, after optic nerve inflammation begins, 15 provides effective neuroprotection. This is important because it suggests that treatment may be effective when patients are expected to present with clinical symptoms. No change in RGC number was found in control eyes treated with SRT647 or SRT501, demonstrating that these compounds are not toxic to RGCs. No systemic adverse effects were observed, further suggesting that these compounds are well tolerated.
Importantly, the fact that SRT501-treated eyes with optic neuritis also demonstrated no reduction in RGC numbers when retrograde labeling was performed after optic neuritis began (2 days before mice were killed) suggests that SRT501 neuroprotection supports RGC survival and maintains intact RGC axons with functional axonal transport. These results suggest that active optic nerve inflammation does not interfere with axonal transport in this model. Unfortunately, because of photoreceptor receptor degeneration in SJL/J mice, visual function could not be assessed in these mice, though we have previously Fluorogold was injected into the superior colliculi on day 12 and mice were killed on day 14. Significant RGC loss was detected in placebo-treated EAE eyes that developed optic neuritis compared with control eyes (*P Ͻ 0.05). A single intravitreal administration of 100 M SRT501 on day 11 significantly attenuated this RGC loss (**P Ͻ 0.01). (B) Fluorogold was injected into the superior colliculi on day 14, and mice were killed on day 16. Placebo-treated EAE eyes that developed optic neuritis had significant RGC loss compared with control eyes (*P Ͻ 0.001) that was attenuated by a single intravitreal administration of 100 M SRT501 on day 11 (**P Ͻ 0.001).
shown that the RGCs are not affected in control eyes. 15 However, treatment of C57BL/6 mice with SRT647 or SRT501 did not alter ERG responses, demonstrating that, at least in this strain, the compounds are not toxic to photoreceptors or overall retinal function.
The mechanism of neuroprotection by SRT647 and SRT501 likely involves SIRT1 deacetylase activity. This is suggested by the fact that two structurally and mechanistically distinct SIRT1 activators had significant neuroprotective effects and is confirmed by the finding that sirtinol, a known SIRT1 inhibitor, blocked the RGC protection. SIRT1 is expressed in virtually all cell types and localizes to cell nuclei, 41 raising a concern that the use of a SIRT1 inhibitor may have significant toxicity. Fortunately, at the concentration used, sirtinol did not have any detectable retinal toxicity, similar to the SIRT1 activators.
Specific substrates of SIRT1 mediating RGC survival are not yet known. Future examination of specific substrates will be useful to identify focused downstream targets for potential therapeutic intervention. The sirtuin family of deacetylases, including SIRT1, is known to act on proteins involved in apoptosis, such as p53 42, 43 and Ku70, 44 and on structural proteins, including ␣-tubulin, 45 alteration of which may lead to axonal degeneration. Apoptosis has been shown previously to mediate RGC loss in a chronic EAE optic neuritis model 16 and in a spontaneous optic neuritis model, 17 and we have found similar apoptotic cell death in relapsing EAE optic neuritis (unpublished observations, 2006), making apoptotic proteins likely candidates for the downstream targets of SIRT1-mediated RGC neuroprotection. Alternatively, SIRT1 regulation of cellular stress responses may mediate neuroprotection because mitochondrial oxidative stress is known to induce neuronal damage in experimental optic neuritis. 46 Interestingly, SRT501 exerts significant neuroprotective effects at day 11, but not at day 9, despite the fact that some optic nerve inflammation begins by day 9. 15 This suggests that the molecular pathways underlying RGC loss in this model are not yet activated or present for SIRT1 to act on until a couple of days after inflammation develops.
Optic neuritis and other MS lesions are characterized by inflammation and demyelination.
1,2 Current therapies include immunosuppression with steroids and immunomodulation with interferon beta and glatiramer acetate. 1 These treatments target the inflammatory component but have limited efficacy in preventing relapse or progression of disease. In addition, evidence is limited to suggest immunomodulatory therapies prevent neuronal damage and long-term disability in MS patients. 10, 11 Although recently described immunomodulatory therapy with natalizumab alone or in combination with interferon beta did reduce the progression of disability in MS patients, 47 ,48 effects were not complete, and adverse effects might have limited the use of this combination therapy. In EAE rats, glatiramer acetate had neuroprotective effects for RGCs when given before optic neuritis developed, but no effect was found when treatment was started at the onset of disease. 49 Neuroprotective therapies that work through nonimmunomodulatory mechanisms may have tremendous clinical benefits. The neuroprotective effects of SRT647 and SRT501 occurred without suppression of the inflammatory infiltration of the optic nerve because incidence of optic neuritis did not differ between placebo and treatment groups and was similar to the previously reported incidence. 15 In addition, localized treatment with intravitreal injections did not reduce spinal cord inflammation, as evidenced by the lack of effect on clinical EAE score. The ability of SIRT1 to prevent RGC loss without reducing inflammation suggested that the therapeutic effects of SIRT1 activators had a strong potential to be additive or synergistic to disease-modifying effects of current immunomodulatory therapies. Future studies will evaluate the effects of immunomodulatory therapies in optic neuritis in combination with SIRT1 activators. Synergistic effects of two mechanistically distinct immunomodulatory therapies have been shown in EAE, 50 demonstrating the usefulness of studying combination therapies in this MS model.
The potent neuroprotective effects of SIRT1 activators suggest an important potential therapy for optic neuritis and probably for other diseases leading to RGC death, such as ischemic, toxic, and traumatic optic neuropathies and glaucoma. SIRT1 activators did not reduce inflammation; hence, they may be neuroprotective in these noninflammatory-mediated optic nerve diseases. Neuroprotective effects of SIRT1 activation have been demonstrated in other noninflammatory neurologic disease models. SIRT1 activity reduces neuronal death induced by the Huntington gene mutation 32 and prevents degeneration of axotomized dorsal root ganglion neurons. 31 The current route of administration of SRT501 and SRT647, by intravitreal injection, may be useful for optic nerve insults that have a limited time course and treatment period, such as optic neuritis and ischemic optic neuropathy, though less invasive routes would be preferred. For chronic RGC loss in diseases such as glaucoma, topical or oral formulations with ocular penetration would be ideal; such formulations are being developed.
SIRT1 activation also has great potential for preventing neuronal loss throughout the central nervous system in patients with MS. Clinical trials that include patients with optic neuritis have helped shape the current clinical practice patterns for use of steroids and immunomodulators in MS. [51] [52] [53] Development of SIRT1 activators with good systemic bioavailability will likely lead to new MS therapies that prevent longterm disability. Future studies will examine the intraocular penetration and potential neuroprotection of systemic SIRT1-activating drugs.
Overall, the current studies demonstrate that SIRT1 activation prevents RGC loss in optic neuritis through SIRT1 family enzymatic activity. SIRT1 activators are well tolerated without RGC toxicity and provide neuroprotection even in the presence of active inflammation. SRT501 and other SIRT1 activators have important therapeutic potential for preventing permanent neuronal loss and disability from optic neuritis and MS and may have a therapeutic role in preventing vision loss in other optic nerve diseases.
